Mammalian spermatogenesis is a complex process in which male germ-line stem cells develop to ultimately form spermatozoa. Spermatogonial stem cells, or SSCs, are found in the basal compartment of the seminiferous epithelium. They self-renew to maintain the pool of stem cells throughout life, or they differentiate to generate a large number of germ cells. A balance between SSC self-renewal and differentiation in the adult testis is therefore essential to maintain normal spermatogenesis and fertility. Maintenance and self-renewal are tightly regulated by extrinsic signals from the surrounding microenvironment, called the spermatogonial stem cell niche. By physically supporting the SSCs and providing them with growth factors, the Sertoli cell is the main component of the niche. In addition, adhesion molecules that connect the SSCs to the basement membrane and cellular components of the interstitium between the seminiferous tubules are important regulators of the niche function. This review mainly focuses on glial cell line-derived neurotrophic factor (Gdnf), which is produced by Sertoli cells to maintain SSCs self-renewal, and the downstream signaling pathways induced by this crucial growth factor. Interactions between Gdnf and other signaling pathways that maintain self-renewal, as well as the role of novel SSC-and Sertoli cell-specific transcription factors, are also discussed.
Spermatogenesis and the spermatogonial stem cell niche
Mammalian spermatogenesis is a tightly regulated and continuous process in which spermatogonial stem cells (SSCs) develop to ultimately form spermatozoa. Spermatogenesis after puberty involves four distinct events: stem cell self-renewal that maintains the continuous production of germ cells throughout life, spermatogonial proliferation and differentiation that amplifies the number of premeiotic cells, meiosis in spermatocytes, and spermiogenesis, which is the morphological differentiation of round spermatids into spermatozoa. SSCs present the distinctive characteristic of being the only stem cells in the body that undergo self-renewal throughout life and transmit genetic information to the offspring (Dym, 1994; de Rooij and Russell, 2000; Brinster, 2002) . SSCs reside in the basal part of the seminiferous epithelium, in contact with the basement membrane. Morphologically, they are undifferentiated single cells that are not connected by intercellular bridges like the more advanced germ cells (Huckins, 1971; Oakberg, 1971; Dym and Fawcett, 1971; de Rooij and Russell, 2000) . According to the model of Huckins and Oakberg (Huckins and Oakberg, 1978) , SSCs renew themselves or differentiate into two daughter cells called Apaired spermatogonia (Figure 1 ). Apaired spermatogonia further divide to form chains of 4, 8 or 16 Aaligned spermatogonia. The Aaligned cells will then differentiate into type A 1 spermatogonia. The A 1 spermatogonia resume division to form A 2 to A 4 spermatogonia. Next, A 4 cells divide to form intermediate (In) spermatogonia, and In spermatogonia divide to produce type B spermatogonia. Finally, type B spermatogonia divide to form primary spermatocytes that will enter meiosis and further develop into haploid spermatids and sperm.
Stem-cell populations are established and maintained in specialized microenvironments called "niches". This concept was proposed for the first time in 1978 by Schofield for the hematopoietic system (Schofield, 1978) , and was later used to describe the intestinal crypt (Williams et al., 1992) . Watt and Hogan pointed out that maintenance of the stem cell compartment ultimately depends on cell autonomous regulators modulated by external signals (Watt and Hogan, 2000) . The external signals that control the stem cell's fate collectively make up the stem cell microenvironment or niche. The niche plays an important role in the decision that a stem cell makes to self-renew or differentiate, and involves a complex interplay of shortand long-range signals between the stem cells, their differentiating daughters, neighboring cells, and the extracellular matrix. Therefore, the niche constitutes a basic unit of tissue physiology (Scadden, 2006) . Much of our understanding of the spermatogonial stem cell niche comes from the study of Drosophila. The Drosophila testis is a closed tube with the germline stem cells located in the apical tip region. Approximately, 8-10 stem cells can be found clustered around the hub, which contains somatic cells producing specific growth factors (Figure 2A) . One of these proteins is the cytokine-like ligand Unpaired (UPD), which ensures the self-renewal of the stem cells as long as they remain in the environment adjacent to the hub (Li and Xie, 2005; Tulina and Matunis, 2001; Kiger et al., 2000) . UPD expressed by hub cells activates the Janus kinasesignal transducers and activators of transcription (JAK-STAT) pathway in Drosophila SSCs to specify stem cell self-renewal ) (Tulina and Matunis, 2001 ). In addition, centrosome positioning plays a key role in ensuring the correct mitotic spindle orientation (Yamashita et al., 2003) , which is placed perpendicular to the interface with the hub during mitosis. Therefore, when the stem cells divide, one daughter cell will remain close to the hub, while the other will be displaced away from the hub, experiencing a weaker signal and initiating differentiation. As the germ cells differentiate, they will move toward the basal end of the tube.
In contrast to Drosophila, the anatomical site of the spermatogonial stem cell niche in mammals is less clearly defined. The mammalian testis contains seminiferous tubules lined by the seminiferous epithelium, which consists of cells of the germ line that proliferate and differentiate into sperm, with the differentiating cells developing toward the lumen ( Figure  2B ). The niche microenvironment is provided by the somatic Sertoli cells, the basement membrane and cellular components of the interstitial space between the seminiferous tubules. More specifically, these extrinsic signals include growth factors produced by Sertoli cells (Simon et al., 2007) , adhesion molecules linking the SSCs to basement membrane components such as laminin (Orwig et al., 2002) , and stimuli from the vascular network and interstitial cells (Yoshida et al., 2007) . Spermatogonial stem cells are located at the periphery of the seminiferous epithelium, in contact with the basement membrane and Sertoli cells. Because the Sertoli cells are distributed evenly along the basement membrane and the length of the seminiferous tubules, it is difficult to pinpoint a specific location for the stem cell niche. However, Yoshida et al. recently demonstrated that Apaired and Aaligned spermatogonia, which are directly derived from SSCs, develop preferentially in the area of the seminiferous tubules adjacent to the vasculature and interstitial cells (Yoshida et al., 2007) . It has been hypothesized that the true SSCs are localized in the region of the tubules that is not associated with the vasculature, but when they divide, the daughter cell that is closer to the vasculature may differentiate (Shetty and Meistrich, 2007) . Therefore, circulating factors or factors produce by interstitial cells might be crucial for SSC regulation.
Our understanding of the mammalian spermatogonial stem cell niche has recently greatly progressed with the discovery that glial cell line-derived neurotrophic factor (Gdnf), a neurotropic factor secreted by glial cells in the brain, is also expressed in other organs during development, including ovary and testis Hellmich et al., 1996; Trupp et al., 1995; Golden et al., 1999) . Gdnf, secreted by Sertoli cells after birth, is so far the only known paracrine factor in the testis specifically responsible for the maintenance and selfrenewal of SSCs in vivo and in vitro (Meng et al., 2000; Kubota et al., 2004b; Hofmann et al., 2005b) . Other growth factors secreted by Sertoli cells, such as basic fibroblast growth factor (bFgf or Fgf2) and epidermal growth factor (Egf), while necessary for SSC proliferation in vitro (Kubota et al., 2004b) , do not appear to be sufficient for self-renewal in vivo. In 2002, Tadokoro and colleagues established that the expression of Gdnf by Sertoli cells and the subsequent proliferation of SSCs were dependent on FSH (Tadokoro et al., 2002) . The authors used male Sl/Sl d mutant mice, whose testes produce only undifferentiated type A spermatogonia, and abolished FSH stimulation of the Sertoli cells by injecting a gonadotropinreleasing hormone antagonist (Nal-Glu). As a result, Gdnf production in the testes of these mice was greatly decreased as well as the proliferation rate of undifferentiated spermatogonia. Conversely, primary cultures of Sertoli cells responded to FSH by an increase in Gdnf expression. Simon and colleagues recently confirmed this data by demonstrating that FSH increases the level of expression of Gdnf in the Sertoli cell line TM4 (Simon et al., 2007) . In addition, Gdnf production by primary Sertoli cells is also dependent on Fgf2, tumor necrosis factor alpha (Tnfα) and interleukin-1beta (Il-1β) in vitro (Simon et al., 2007) . Therefore, Gdnf production by Sertoli cells and SSCs self-renewal are controlled locally and systemically ( Figure 3 ).
Role of GDNF in the mammalian testis
Gdnf was originally identified in conditioned media of glioma cell line cultures (Lin et al., 1993) . It promotes the survival and differentiation of dopaminergic neurons in midbrain embryonic cultures, without increasing the total number of neurons or astrocytes (Lin et al., 1993; Buj-Bello et al., 1995; Henderson et al., 1994) . Gdnf also promotes the differentiation of several types of peripheral neurons (Zurn et al., 1996) . Because it improves motor functions in animal models of parkinsonism, Gdnf has been seen as a promising therapy for Parkinson disease (Grondin and Gash, 1998) . The role of Gdnf in embryonic development is not limited to the nervous system and it is also essential for kidney and gastrointestinal tract formation (Schuchardt et al., 1994; Moore et al., 1996; Hellmich et al., 1996) . Cloning of Gdnf revealed that it is a distant member of the transforming growth factor beta (Tgf-β) superfamily (Lin et al., 1993) . It signals through a multicomponent receptor complex comprising a glycosylphosphatidylinositol (GPI)-anchored cell surface molecule (Gdnf family receptor (Gfr) alpha-1, or Gfrα-1) and the Ret (rearranged during transfection) tyrosine kinase transmembrane protein (Jing et al., 1996; Treanor et al., 1996) . The binding of Gdnf triggers the activation of multiple signaling pathways in responsive cells (Airaksinen and Saarma, 2002) . As mentioned previously, Gdnf in the testis is produced by Sertoli cells, which establish the niche in which the SSCs reside (Viglietto et al., 2000; Meng et al., 2000; Meng et al., 2001a) , and this activity extends throughout life (Chen et al., 2005) . In Sertoli cells, the production of Gdnf is mainly under the influence of FSH, growth factors and cytokines (Tadokoro et al., 2002; Simon et al., 2007) .
Mice lacking Gdnf die within the first day of birth with renal and neuronal abnormalities. The ureteric bud, kidney and enteric neurons are absent Pichel et al., 1996; Sanchez et al., 1996) . The Ret and Gfrα-1 receptors have also been knocked out and show the same phenotypes, indicating that Gdnf signals through the Gfrα-1/Ret-receptor complex and is essential for postnatal survival in the mouse (Schuchardt et al., 1994; Enomoto et al., 1998; Cacalano et al., 1998; Tomac et al., 2000) . Interestingly, the testicular morphology of mice lacking Gdnf, Gfrα-1 and Ret is normal before birth. While Gdnf +/− mice survive to adulthood and are fertile, histological analysis of their testes has shown that spermatogenesis is disturbed (Meng et al., 2000) . In particular, some seminiferous tubules are degenerated and contain spermatids in an abnormal position or phagocytosed by Sertoli cells. In older Gdnf +/-mice, the depletion of the germ cells often results in Sertoli cell-only seminiferous tubules without spermatogonia, while in other tubules the rate of spermatogonial proliferation is reduced. Since mice expressing one null allele for gdnf gradually lose their SSCs during testis development, one can conclude that Gdnf is an essential factor for spermatogonial stem cell maintenance.
As mentioned above, mice lacking Gdnf die neonatally, and therefore the effects of the loss of both alleles initially could not be determined. Similarly, the ablation of Ret or Gfrα-1 is neonatally lethal, preventing the analysis of a lack of receptor activation on SSC maintenance and self-renewal. To overcome the problem of neonatal mortality, Naughton and colleagues transplanted Gdnf, Gfrα-1 and Ret deficient neonatal testes under the back skin of immunodeficient mice, and subsequently monitored the development of the grafted testes (Naughton et al., 2006) . This strategy revealed that any disruption of Gdnf-mediated Ret signaling results in a lack of spermatogonial stem cell self-renewal and induces the progressive loss of spermatogenesis by germ cell depletion. In comparison, normal spermatogenesis and maintenance of SSC populations was observed in the grafted WT testes. Thus, Gdnf, Ret and Gfra-1 are all crucial for SSC maintenance, emphasizing the essential role of the Gdnf/Ret/ Gfra-1 signaling pathway in SSCs.
In 2000, Meng and colleagues over-expressed gdnf in transgenic mice under the testis-specific human translation elongation factor-1a (EF-1a) promoter (Abdallah et al., 1991; Meng et al., 2000) . These mice accumulated undifferentiated spermatogonia in their seminiferous tubules, confirming the critical role of Gdnf for SSCs and their direct progeny, the Apaired spermatogonia. Mice over-expressing Gdnf are infertile and develop testicular tumors resembling seminoma in adulthood (Meng et al., 2001b) . However the usefulness of these mice to study the etiology of these tumors is controversial since the precursor lesion seems different in mouse and man (Sariola and Meng, 2003) . In summary, these results clearly established Gdnf as a growth factor produced by Sertoli cells, which is crucial for SSC self-renewal and maintenance within the testis stem cell niche.
Recent in vitro work has further emphasized the importance of Gdnf for SSC proliferation and self-renewal in culture. Spermatogonial stem cells have been difficult to isolate, due to their low number and the fact that none of the surface markers known so far is specific. Although expressed by both the stem cell and its direct progeny, the Apaired spermatogonia, Gfrα-1 is an adequate marker for purifying SSCs from testes using antibody selection, since the isolated cells successfully repopulate an infertile testis (Buageaw et al., 2005) . Using gravity sedimentation on a BSA gradient (STAPUT method) followed by magnetic beads isolation with a Gfrα-1 antibody, we are able to isolate cell populations containing up to 98% SSCs (Hofmann et al., 2005b) . However, while the purity is high, the number of cells recovered is low, and the method does not allow accurate protein investigation due to the paucity of the material recovered. Others have been successful at enriching SSCs using antibodies to Thy-1 (thymus cell antigen 1), producing an enrichment that was sufficient for most of their studies (Kubota et al., 2004a) . In addition, SSCs can be expanded in long-term cultures, provided that they are grown onto feeder layers in the presence of Gdnf and other growth factors such as Egf, Fgf2 and the soluble form of the GFRα-1 receptor (Ogawa et al., 2003; Kubota et al., 2004b; Kanatsu-Shinohara et al., 2005) . After expansion in culture for a period of 3-6 months, the cells were transplanted into an infertile testis and re-established spermatogenesis, confirming that SSCs maintain their ability to self-renew in vitro and that GDNF is a determining factor in this process.
Signaling pathways driven by Gdnf, and target molecules

Src signaling pathway
The functional receptor for Gdnf is the Ret tyrosine kinase (REarranged during Transfection) originally discovered by Takahashi and colleagues who showed a novel gene rearrangement and oncogenic activation in a transfection assay of NIH 3T3 fibroblasts with lymphoma DNA (Takahashi et al., 1985) . Using serum-free short-term cultures of SSCs and a spermatogonial stem cell line (Hofmann et al., 2005a) , our group recently elucidated some of the pathways induced by Gdnf in these cells. Spermatogonial stem cells express Gfrα-1 and Ret, and several kinases from the Src family co-precipitate with Ret after Gdnf stimulation (Braydich-Stolle et al., 2007) . Four Src family kinases have been so far implicated in SSC proliferation through Ret activation: Src, Yes, Lyn and Fyn, which are all inhibited by the pharmacological inhibitor SU6656. Although the function of these kinases overlap, it is believed that Src and Yes play a predominant role in the immediate response of primary SSCs to Gdnf. Further, we demonstrated that Src activates a PI3K/Akt signaling pathway (Figure 4) . Ultimately the Src-PI3K/Akt pathway leads to N-myc expression and promotes SSC proliferation. Thus, we identified a critical nuclear target of Gdnf/Ret signaling in SSCs ( Figure 5 ). Subsequently, the groups of T. Shinohara and R. Brinster established the in vivo relevance of this signaling axis for SSC self-renewal by using germ cell transplantations after down-regulating Akt and Src expression by RNA interference or pharmacological inhibitors (Lee et al., 2007; Oatley et al., 2007) .
Ras signaling pathway
The Ret receptor is a tyrosine kinase transmembrane receptor that, in response to Gdnf activation, autophosphorylates at many tyrosine residues on its intracellular domain. These residues can serve as intracellular docking sites to many different SH2 domain-containing proteins, including Src. While Src interacts with Ret at Tyr 981 (Encinas et al., 2004) , Tyr 1062 serves as a docking site to most other effectors and triggers the activation of the Ras signaling pathway in the developing enteric nervous system, the developing kidney, and also in neuroblastoma (Worby et al., 1996; Jijiwa et al., 2004; Hayashi et al., 2000) . Therefore, we examined whether Gdnf can activate Ras signaling in SSCs (He et al., 2008) . Our data demonstrated that Ret activation by Gdnf induces the binding and activation of the protein adaptors Shc and Grb2 in these cells. Further, we showed that Gdnf rapidly and transiently activates the Ras/ERK1/2 pathway, which ultimately leads to the phosphorylation and activation of transcription factors such as Creb-1, Atf-1, and Crem-1. Finally, the Gdnf/Ret/ Ras axis up-regulates the transcription of the immediate-early gene c-fos, the cell cycle activator cyclin A, as well as cdk2 (Figure 6 ). Cyclin A is a key regulatory protein that is involved in control of the S phase of the cell cycle and associates with Cdk2 in mammalian cells (Cardoso et al., 1993) . In addition, the A-type cyclins are predominantly expressed during spermatogenesis (Sweeney et al., 1996) . Cyclin A1 is highly expressed in pachytene spermatocytes and required for meiosis, and Cyclin A2 is mostly present in type A spermatogonia, including the SSCs Ravnik and Wolgemuth, 1999) . Therefore, like in other cell types, Creb and c-Fos enhance the expression of cyclin A and favors the G1/S cell cycle transition in Gfrα-1 positive spermatogonia (Desdouets et al., 1995; Sunters et al., 2004) . Taken together, our studies of the effects of Gdnf on SSCs indicate that multiple signaling pathways are responsible for their self-renewal and maintenance.
Other Gdnf target molecules
In order to establish which genes are differentially regulated by Gdnf, we recently performed microarray analysis of spermatogonial stem cells under the influence of Gdnf in vitro (Hofmann et al., 2005b) . We identified components of two additional signaling pathways that are modulated by Gdnf. Numb, a regulator of the Notch pathway, was up-regulated by Gdnf . Since Notch signaling is involved in germ cell differentiation (Hayashi et al., 2001; Hayashi et al., 2004) , down-regulation of this pathway by Gdnf could enhance self-renewal by suppressing differentiation signals. However, the effect of Gdnf on Numb expression was not confirmed in a subsequent microarray study that also attempted to identify Gdnf targets in SSCs , and the reason for this difference is not clear. We also found that Gdnf was able to up-regulate the expression of fibroblast growth factor receptor-2 (Fgfr2). This suggests that Gdnf might increase the responsiveness of SSCs to Fgf2, and that a cooperation of both growth factors is essential for their proliferation in vitro (Hofmann et al., 2005b) . Fgf2 amplifies the effects of GDNF, while the addition of other growth factors does not further stimulate proliferation, indicating that the combination Gdnf/Fgf2 is the limiting factor. Fgfr2 is also expressed by human spermatogonial stem cells and may play a role analogous to Ret in regulating their clonal expansion and fate (Goriely et al., 2003) . Gdnf and Fgf2 are part of a cocktail of factors used recently by several investigators to establish long-term cultures of gonocytes and spermatogonial stem cells (Kanatsu-Shinohara et al., 2003; Kubota et al., 2004b) . Thus, these findings confirm that the cooperation between Gdnf and Fgf2 is likely essential to maintain spermatogonial stem cell self-renewal.
B cell CLL/lymphoma 6, member B (Bcl6b) is another target of Gdnf that was recently identified in SSCs by microarray analysis . Bcl6b is a member of the POZ (poxvirus and zinc finger) family of transcriptional repressors. Inhibition of Bcl6b in SSCs in vitro by RNA interference indicated that this protein has a critical role in SSC maintenance. Furthermore, like N-Myc, Bcl6b is a nuclear target of the Src signaling pathway (Oatley et al., 2007) . In addition, mice with a targeted disruption of Bcl6b have an increased incidence of Sertoli cell-only tubules, confirming the in vitro results and the role of this protein for SSC maintenance.
Etv5 and other transcription factors
Several knockouts targeting transcription factors have recently resulted in mice exhibiting a progressive loss of germ cells leading to adult infertility (Chen et al., 2005; Falender et al., 2005; Buaas et al., 2004; Costoya et al., 2004) . One of these factors, Etv5 (Ets Variant Gene 5), belongs to the Pea3 group of the Ets family of proteins, which are characterized by a highly conserved DNA-binding ETS domain (Sharrocks et al., 1997) . Etv5 is expressed in numerous developing organs of different species (Raible and Brand, 2001; Paratore et al., 2002; Liu et al., 2003; Ouyang et al., 1999) , and is over-expressed in several human tumors, in particular breast and endometrial carcinoma (Chotteau-Lelievre et al., 2004; Planaguma et al., 2005) . Mice with a targeted disruption of Etv5 (Etv5 -/-) undergo a first wave of spermatogenesis during juvenile life, but show a progressive loss of spermatogenesis, with disappearance of all germ cells and a Sertoli cell-only phenotype by 10 weeks of age (Chen et al., 2005) . The initial testicular development in Etv5 -/-mice is similar to that of the wild type, indicating that the major effects of Etv5 deficiency occur postnatally (Schlesser et al., 2007) . Etv5 is expressed in Sertoli cells and germ cells (Chen et al., 2005; Oatley et al., 2007) , but its exact mode of action in both cell types is still unknown. Microarray and RT-PCR analysis of Etv5-/-Sertoli cells detected a 9-to 25-fold reduction in several chemokines and a tenfold reduction in matrix metalloproteinase-12 (MMP-12) expression. Therefore, Etv5 in Sertoli cells might be responsible for attracting and maintaining the stem cells inside their niches, in addition to balance their self-renewal and differentiation. This phenotype provided the first evidence that a single transcription factor can regulate a stem cell niche in a vertebrate animal. Etv5 expression by Sertoli cells is up-regulated by Fgf2 and Egf, but interestingly, neither testosterone nor FSH seem to have any influence on this process, at least in vitro (Simon et al., 2007) . Therefore, Etv5 expression might be regulated exclusively by local soluble factors (Figure 7 ).
Another transcription factor that regulates SSC self-renewal is Taf4b. Taf4b is a component of the RNA Polymerase II basal transcription apparatus and is germ cell specific (Falender et al., 2005) . In the mouse, Taf4b is expressed in gonocytes in the postnatal testes, and in spermatogonia and spermatids in the adult testes. It is not expressed in Sertoli cells. Targeted disruption of taf4b induces a phenotype similar to the etv5-/-phenotype, including normal testis histology at birth, the completion of the first wave of spermatogenesis and transient fertility. However, the SSCs start to disappear at soon as 3 days after birth, which leads to a progressive loss of the germ cells, the appearance of Sertoli cell-only seminiferous tubules and testicular atrophy after 12 weeks. The deficiency produced in the taf4b knockout testis reflects a block that is cell-autonomous and inherent to germ cells, since the taf4b -/-Sertoli cells support spermatogenesis of transplanted wild type spermatogonia (Falender et al., 2005) .
Plzf (Promyelocytic Leukaemia Zinc-Finger) is another SSC-intrinsic factor crucial for selfrenewal. It is a transcriptional repressor that inhibits stem cell differentiation and helps maintaining their presence in the niche. Plzf was originally identified in hematopoietic stem cells, but is also crucial for the patterning of the axial skeleton and the limbs (Reid et al., 1995; Barna et al., 2000) . Plzf expression is high in undifferentiated multipotential hematopoietic progenitor cells, and low in differentiated cells (Reid et al., 1995) . Plzf is crucial for the regulation of SSC self-renewal since both the naturally occurring mutant lacking plzf (Luxoid) and plzf knockout mice lose progressively their spematogonia as they age (Buaas et al., 2004; Costoya et al., 2004) . Because Plzf in the WT animals represses SSC differentiation, its loss in the Luxoid mutants or knockout mice shifts the balance toward differentiation at the cost of self-renewal. In addition, germ cells of the testes of the Luxoid mutants are not able to repopulate the testes of recipient W/Wv mice, suggesting that the defect is inherent to the stem cells. Interestingly, Plzf directly represses the transcription of the receptor c-kit, which is characteristic of spermatogonial differentiation (Filipponi et al., 2007) . Also, undifferentiated spermatogonia isolated from plzf -/-mice exhibit a marked increase in c-kit expression. Therefore, Plzf might maintain the pool of spermatogonial stem cells through direct repression of c-kit expression.
Conclusion
The spermatogonial stem cell niche is the product of the combined effects of extrinsic factors that maintain the balance between stem cell self-renewal and differentiation in the basal part of the seminiferous epithelium. These extrinsic factors modulate intrinsic factors such as kinases, second messengers and transcription factors that ultimately control the behavior of the stem cells. Many of these signals and cross-talk between the somatic cells and stem cells are still unknown, although it is evident that some, like GDNF, have essential roles in embryonic development and are not restricted to the testis. In addition, recent work has demonstrated that the decline in spermatogenesis with aging reflects a degradation of the stem cell niche, rather than defects inherent to the stem cells (Ryu et al., 2006) . Therefore, a thorough understanding of the niche and its experimental modulation may help devise new treatments for male infertility or possibly lead to the development of novel male contraceptives. . When a germline stem cell or a cyst progenitor cell divides, the daughter cell that loses contact from the hub differentiates into a gonialblast (G) or a cyst cell (C) respectively. Two cyst cells will associate with one gonialblast and will never divide again. They will enclose the progeny of the gonialblast throughout spermatogenesis. From Fuller MT, Seminars in Developmental Biology, 1998 (Fuller, 1998 . Figure 2B : Seminiferous epithelium of the mammalian testis. The spermatogonial stem cells are a subpopulation of type A spermatogonia that reside in the basal compartment of the seminiferous epithelium, in contact with the basement membrane. As the germ cells proliferate and differentiate, they move toward the lumen of the seminiferous tubule. Adapted from Russell L, Mammalian Spermatogenesis, In: Histological and Histopathological Evaluation of the Testis, Cache River Press, 1990 (Russell, 1990) .
Figure 3. Regulation of GDNF expression in Sertoli cells
In the mouse testis, the expression of GDNF by Sertoli cells is under control of FSH, FGF2, Tnfα and IL-1β, probably produced by interstitial cells. Therefore, SSCs self-renewal is controlled both systemically and locally. The schematic diagram demonstrates intracellular signaling events in the Ras/ERK1/2 pathway as well as the downstream cascades activated by GDNF in spermatogonial stem cells. "P" indicates "phosphorylate", and "A" denotes "activate". From He et al, Stem Cells, 2008 (He et al., 2008 .
Figure 7. Regulation of Etv5 expression in Sertoli cells
In the mouse testis, the expression of the transcription factor Etv5 in Sertoli cells is under the control of Fgf2 and Egf, probably produced by interstitial cells. Genes regulated by Etv5 might include chemokines important for SSC homing.
